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Abstract 

Recent nutritional epidemiological surveys showed that serum p-cryptoxanthin inversely associates with the risks for insulin 
resistance and liver dysfunction. Consumption of p-cryptoxanthin possibly prevents nonalcoholic steatohepatitis (NASH), 
which is suggested to be caused by insulin resistance and oxidative stress from nonalcoholic fatty liver disease. To evaluate 
the effect of p-cryptoxanthin on diet-induced NASH, we fed a high-cholesterol and high-fat diet (CL diet) with or without 
0.003% p-cryptoxanthin to C56BL/6J mice for 12 weeks. After feeding, fi-cryptoxanthin attenuated fat accumulation, 
increases in Kupffer and activated stellate cells, and fibrosis in CL diet-induced NASH in the mice. Comprehensive gene 
expression analysis showed that although p-cryptoxanthin histochemically reduced steatosis, it was more effective in 
inhibiting inflammatory gene expression change in NASH. p-Cryptoxanthin reduced the alteration of expression of genes 
associated with cell death, inflammatory responses, infiltration and activation of macrophages and other leukocytes, 
quantity of T cells, and free radical scavenging. However, it showed little effect on the expression of genes related to 
cholesterol and other lipid metabolism. The expression of markers of Ml and M2 macrophages, T helper cells, and cytotoxic 
T cells was significantly induced in NASH and reduced by p-cryptoxanthin. p-Cryptoxanthin suppressed the expression of 
lipopolysaccharide (LPS)-inducible and/or TNFa-inducible genes in NASH. Increased levels of the oxidative stress marker 
thiobarbituric acid reactive substances (TBARS) were reduced by p-cryptoxanthin in NASH. Thus, p-cryptoxanthin 
suppresses inflammation and the resulting fibrosis probably by primarily suppressing the increase and activation of 
macrophages and other immune cells. Reducing oxidative stress is likely to be a major mechanism of inflammation and 
injury suppression in the livers of mice with NASH. 
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Introduction 

Nonalcoholic fatty liver disease (NAFLD) is one of the most 
prevalent forms of chronic liver disease in the developed countries 
and is frequently associated with obesity, metabolic syndrome, and 
type 2 diabetes. Nonalcoholic steatohepatitis (NASH), an ad- 
vanced form of NAFLD, is characterized by hepatocellular 
steatosis along with lobular inflammation and fibrosis and may 
lead to liver cirrhosis and hepatocellular carcinoma [1]. Although 
insulin resistance, increased oxidative stress and subsequent lipid 
peroxidation, and increased proinflammatory cytokine release are 
believed to be the major causes of progression to NASH, the 
mechanisms have not been fully elucidated [1,2]. In addition, no 
prevention or treatment of NASH has been fully established. 
Dietary modification and gradual weight loss are current 
mainstays of NASH treatment. The lipophilic antioxidant vitamin 



E has been studied as a candidate for NASH treatment. Recently, 
Sanyal et al. showed that vitamin E is superior to placebo for 
NASH treatment in adults without diabetes in a multicenter, 
randomized, placebo-controlled, double-blind clinical trial [3]. 
Vitamin E was associated with reduction in hepatic steatosis and 
lobular inflammation but not fibrosis [3]. 

P-Cryptoxanthin is a xanthophyll carotenoid that is routinely 
found in human plasma. Similar to other carotenoids, it shows 
antioxidant action [4,5]. Serum P-cryptoxanthin concentrations 
were inversely associated with indices of oxidative DNA damage 
and lipid peroxidation [6] . Serum carotenoid concentrations were 
correlated with intake of fruits and vegetables [7-9] . 

Since P-cryptoxanthin is especially found in Satsuma mandarin 
{Citrus unshiu Marc), its serum concentration reflects the amount of 
Satsuma mandarin intake among the residents of an area in which 
the mandarin is considerably more popular than in the rest of 
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Japan [9,10]. Further epidemiological studies have shown that 
serum P-cryptoxanthin concentrations are inversely associated 
with homeostasis model assessment-insulin resistance and alcohol- 
induced increase in serum y-glutamyltransferase in nondiabetic 
subjects and alcohol drinkers, respectively [11,12]. Thus, (3- 
cryptoxanthin may prevent or alleviate NASH by suppressing 
oxidative stress or insulin resistance. In this report, we present the 
first evidence that P-cryptoxanthin suppressed induction of 
inflammatory gene expression and alleviated NASH in mice fed 
a high-cholesterol and high-fat (CL) diet. 

Material and Methods 

Purification of p-cryptoxanthin 

Nonesterified fi-cryptoxanthin for experiments was prepared 
from the raw centrifuged pulp of Satsuma mandarin juice 
processed as described [13]. In brief, the raw centrifuged pulp 
was subjected to enzymatic degradation, and then a precipitate 
was recovered following tubular centrifugation. The water 
contained in the precipitate was replaced with acetone, fi- 
Cryptoxanthin was extracted from the acetone-substituted precip- 
itate with hexane. After hexane removal, the extract was 
sequentially separated into soluble and insoluble portions with 
hexane, acetone, ethanol, and a hexane /ethanol (3:7) mixture at 
— 30°C using a centrifuge. [5-Cryptoxanthin was concentrated in 
the hexane-soluble, acetone-soluble, ethanol-insoluble, and hex- 
ane/ethanol-insoluble portions in each treatment. The concen- 
trated hexane/ ethanol-insoluble portion was dissolved in hexane/ 
ethanol (1:1) and hydrolyzed with 10% potassium hydroxide in 
ethanol overnight at room temperature. After the addition of 
water, the organic phase was recovered and concentrated. The 
concentrate was dispersed in hexane by sonication. The insoluble 
substance was filtered and recrystallized from ethanol to afford 
nonesterified fi-cryptoxanthin by filtration. According to HPLC 
analysis, the purity of the fS-cryptoxanthin obtained was 96%. The 
raw pulp (10.0 kg) produced 0.74 g of fi-cryptoxanthin (yield, 
40%). 

Ethic statement 

All animal procedures were performed in accordance with the 
standards set forth in the Guidelines for the Care and Use of 
Laboratory Animals at the Takara-Machi campus of Kanazawa 
University, Japan. The protocol was approved by the Committee 
on the Ethics of Animal Experiments of Kanazawa University 
(Approved number: AP- 132887). The mice were housed in colony 
cages with a 12-h light/ 12-h dark cycle and allowed food and 
water at libitum. All surgeries were performed under sodium 
pentobarbital anesthesia, and all efforts were made to minimize 
suffering. 

Treatments 

Eight-week-old male C57BL/6J mice were divided into three 
groups: (1) control mice fed a standard chow (CRF-1, Charles 
River Laboratories, Yokohama, Japan), (2) mice fed a CL diet 
containing 38.23% CRF-1, 60% cocoa butter, 1.25% cholesterol, 
and 0.5% sodium cholate, and (3) mice fed a CL diet containing 
0.003% fi-cryptoxanthin [14]. 

Histological Examination and Immunohistochemistry 

After 12 weeks of feeding, the mice were killed by cervical 
dislocation under ether anesthesia. The livers were immediately 
removed and weighed. A large portion of each liver was snap- 
frozen in liquid nitrogen for subsequent RNA studies. The 
remaining tissue was fixed in 10% buffered formalin, processed, 



and embedded in paraffin for hematoxylin-eosin (H&E) staining, 
Azan staining, and Sirius red staining. For immunohistochemical 
analysis, tissue slides were immunostained with mouse monoclonal 
anti-human oc-smooth muscle actin (a-SMA; Dako Japan, Kyoto, 
Japan), or anti-mouse F4/80 (Abeam, Cambridge, UK) antibod- 
ies. This was followed by immunoperoxidase staining using the 
Envision kit (Dako Japan). Histological examination was per- 
formed for 4 mice in each group. Macrophage was quantitated by 
calculating the F4/80-positive area in 30 fields of 3 slides for each 
individual mouse using 5 mice for each group as described 
previously [15]. 

Determination of Liver Lipid Levels 

Total liver lipids were extracted using a modification of the 
method of Folch and Lees [16]. Briefly, snap-frozen liver tissues 
(150 mg) were homogenized and extracted twice with the 
chloroform: methanol (2:1 v/v) solution. The organic layer was 
dried under nitrogen gas and resolubilized in chloroform. An 
aliquot was resuspended in an aqueous solution containing 2% 
Triton X- 1 00 for the determination of triglyceride (TG) and total 
cholesterol (TC) mass. TG and TC levels were determined using a 
commercial colorimetric method (Wako Pure Chemicals Indus- 
tries, Osaka, Japan). The concentration of thiobarbituric acid 
reactive substances (TBARS) was determined using a commercial 
colorimetric method (Cayman Chemical Company, Ann Arbor, 
MI, USA). 

DNA microarray analysis 

Total RNA was isolated from the frozen liver using the GenElute 
Mammalian Total RNA Miniprep kit (Sigma-Aldrich Japan, 
Tokyo, Japan). Fragmented biotin-labeled aRNA was synthesized 
from the total RNA of each mouse using the GeneChip 3' IVT 
Express Kit (Affymetrix Japan KK, Tokyo, Japan) and then 
hybridized to a GeneChip Mouse Genome 430 2.0 array 
(Affymetrix) at 45 °C for 16 h. After hybridization, the probe array 
was washed and stained using GeneChip Fluidics Station 450 
(Affymetrix) and then scanned (GeneChip Scanner 3000; Affyme- 
trix) using GeneChip Operation Software Ver. 1.4 (Affymetrix). 
The data discussed in this publication have been deposited in 
NCBI's Gene Expression Omnibus [17] and are accessible through 
GEO Series accession number GSE51432 (http://www.ncbi.nlm. 
nih.gov/ geo/ query/ acc.cgi?acc = GSE5 1432). 

Data analysis was performed using Microarray Suite 5.0 
(MAS5, Affymetrix) and GeneSpring Ver. 11.5 (Agilent Technol- 
ogies, Santa Clara, CA, USA). The raw data collected from the 
GeneChip Operating System (Affymetrix) were uploaded onto 
GeneSpring Ver. 1 1.5 (Agilent Technologies) for further analysis. 
The gene expression data from each chip were then normalized to 
the 75th percentile of all measurements and from each probe were 
normalized to the median expression of matched intensity of 
control samples from mice fed the CRF-1 diet for that gene across 
all samples. We then filtered out the probe sets that were not called 
Present by the MASS detection call in at least 100% of the samples 
in 1 treatment group. Statistical analysis of differences in gene 
expression levels among the groups of mice fed the control, CL, 
and CL diets containing P-cryptoxanthin was performed using 
Welch's one-way ANOVA followed by the Tukey's post hoc test 
with Benjamin-Hochberg multiple corrections. The corrected p 
values of <0.05 were considered significant. 

Hepatic genes that were significantly up- or downregulated in 
diet-induced NASH and genes whose expression levels were 
significandy altered by P-cryptoxanthin, leading to levels closer to 
the control levels, were analyzed using Ingenuity Pathway Analysis 
(Ingenuity Systems, www.ingenuity.com). This analysis identified 
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biological functions that were most significant to the data set. A 
right-tailed Fisher's exact test was used to calculate a p value 
denoting the probability that each biological function for that data 
set was due to its change alone. An activation ^-score was 
calculated as a measure of activation of biological function and 
functional or translational activation of upstream regulators. An 
absolute ^-score of below (inhibited) or above (activated) 2 was 
considered significant. 

Customized DNA microarray analysis was performed as 
described [18-20]. DNA oligonucleotide probes were synthesized 
for the detection of genes associated with NASH development and 
installed onto the fibrous DNA microarray Genopal (Mitsubishi 
Rayon, Tokyo, Japan), which comprises hollow plastic fibers 
containing a gel to which the probes can attach. Total RNA was 
amplified using the MessageAmpII biotin-enhanced amplification 
kit (Life Technologies, Carlsbad, CA, USA), according to the 
manufacturer's instructions and column purified. Biotinylated 
aRNA was fragmented using fragmentation reagents (Life 
Technologies) and then incubated at 95°C for 7.5 min. Hybrid- 
ization, washing, and fluorescent labeling was performed using the 
Genopal UE-104 system (Mitsubishi Rayon). Hybridization was 
performed using a DNA microarray (Genopal) in hybridization 
buffer, 0.12 M Tris-HCl/0. 12 M NaCl/0.05% Tween 20, and the 
fragmented biotinylated aRNA at 65°C for 16 h. The hybridized 
DNA microarray was washed in 1 mL of 0. 1 2 M Tris-HCl/ 
0.12 M NaCl/0.05% Tween 20 at 65°C and in 1 mL of 0.12 M 
Tris-HCl/0. 12 M NaCl. The microarray was then fluorescendy 
labeled with streptavidin-Cy5 (GE Healthcare Japan, Tokyo, 
Japan) and washed in 0.12 M Tris-HCl/0. 12 M NaCl/0.05% 
Tween 20 at room temperature and in 1 mL of 0.12 M Tris-HCl/ 
0.12 M NaCl. Hybridization signals were acquired using a DNA 
microarray reader and multibeam excitation technology (Yoko- 
gawa Electric Co., Tokyo, Japan). The DNA microarrays were 
scanned at multiple exposure durations of 0.1, 0.4, 1.0, 4.0, and 
30 s. Intensity values with the optimal exposure condition for each 
spot were selected according to saturation. Statistical analyses were 
performed using GeneSpring Ver. 11.5 (Agilent Technologies). 
Data are expressed as the arithmetic mean ± standard error of the 
mean (SEM). The significance of differences between groups was 
determined by Welch's one-way ANOVA followed by the Tukey's 
post hoc test with Benjamin-Hochberg multiple corrections. The 
corrected p values of <0.05 were considered significant. 

Quantitative Real-Time PCR 

Total RNA was isolated from the frozen liver using the 
GenElute Mammalian Total RNA Miniprep kit (Sigma-Aldrich 
Japan, Tokyo, Japan). cDNA was synthesized using the High 
Capacity cDNA Reverse Transcription Kit (Life Technologies). 



Quantitative real-time PCR was performed on CFX384 (Bio-Rad 
Laboratories, Hercules, CA, USA) using SYBR Green Master Mix 
(Takara Bio, Shiga, Japan) with appropriate primers as described 
[15,21,22]. The following primers were used for the reaction: CD3 
forward (GACTATGAGCCCATCCGCAA), reverse (AACAAG- 
GAGTAGCAGGGTGC); CD4 forward (TGTCACTCAAGG- 
GAAGACGC), reverse (CGAAGGCGAACCTCCTCTAA); and 
CD8 forward (ACGAAGCTGACTGTGGTTGAT), reverse 
( AAAAGT AGAC GGC C ACTC C G) . 

Statistical analysis 

Data are expressed as the arithmetic mean ± SEM. The 
significance of differences between three groups was determined 
by Welch's one-way ANOVA followed by the Tukey's post hoc 
test using the statistical software SAS 9.4 (SAS Institute Japan Ltd., 
Tokyo) (GLM procedure with Welch option), the freeware R 3.0.2 
(http://www.r-project.org/, qtukey function), and Excel 2013 
(Microsoft, Tokyo). The two-group comparisons were analyzed by 
Student's t-test using GraphPad Prism 5 for Windows Ver. 5.01 
(GraphPad Software, San Diego, CA). The p values of <0.05 were 
considered significant. 

Results 

(3-Cryptoxanthin alleviates diet-induced NASH 

A CL diet induces a liver pathology similar to that of human 
NASH in C57BL/6J mice [14]. To elucidate the effect of [3- 
cryptoxanthin on diet-induced NASH, we fed the C57BL/6J mice 
with a standard chow, CL diet, or CL diet containing 0.003% [3- 
cryptoxanthin for 12 weeks. As shown in Table 1, the CL diet and 
(3-cryptoxanthin did not affect body weight and energy intake in 
mice after 12 weeks of feeding. However, the CL diet significandy 
increased liver weight and TG and TC levels. P-Cryptoxanthin 
significandy reduced liver TG and TC levels after 12 weeks of 
feeding. The antioxidant fi-cryptoxanthm significandy reduced 
increased levels of the marker of lipid peroxidation TBARS in 
mice fed the CL diet. Figure 1 shows representative photomicro- 
graphs of liver sections stained with H&E, Azan, Sirius red, anti- 
F4/80 antibody, and anti-ot-SMA antibody. Lipid droplets 
accumulated in the hepatocytes of mice fed the CL diet for 1 2 
weeks. Azan and Sirius red staining showed distinct collagen 
deposition, which is a characteristic of fibrosis, in the livers of mice 
fed the CL diet. The CL diet increased ot-SMA-positive activated 
hepatic stellate cells and F4/80-positive hepatic macrophage 
Kupffer cells. Calculation of the F4/80-positive area is shown in 
Figure 2. P-Cryptoxanthin suppressed the accumulation of lipid 
droplets, collagen deposition, and F4/80-positive macrophages, 
which causes inflammation, in the livers of mice fed the CL diet. 



Table 1. Metabolic parameters of mice fed with different diets for 12 weeks. 







NC 


CL 


CL+CX 


Body weight (g) 


31.7±1.4 


32.6±0.8 


32.9±0.6 


Food intake (kcal/day/kg BW) 


358.4±25.7 


369.2±15.3 


381. 9± 13.0 


Liver weight/BW (%) 


3.85±0.13 a 


4.63±0.12 b 


4.62±0.11 b 


Hepatic TG (mg/mg protein) 


0.23±0.03 a 


0.66±0.05 b 


0.43±0.05 c 


Hepatic TC (mg/mg protein) 


0.025±0.002 a 


0.248±0.016 b 


0.169±0.018 c 


Hepatic TBARS (nmol/mg protein) 


0.16±0.01 a 


0.34±0.04 b 


0.18±0.04 a 



Data are expressed as the arithmetic mean ± SEM (n = 4 (NC) or n = 5 (CL and CL+CX)). Different superscripts indicate significant differences (p<0.05) between the 
groups. 

doi:1 0.1 371 /journal.pone.0098294.t001 
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Figure 1. Representative liver histology of mice fed different 
diets. C57BL/6J mice were fed a standard chow (NC), a CL diet (CL), or a 
CL diet containing 0.003% p-cryptoxanthin (CL+CX) for 12 weeks. Liver 
sections were stained with H&E, Azan, Sirius red, anti-F4/80 antibody, 
and anti-oc-SMA antibody. Original magnification is 200 x, and scale bars 
= 100 urn. 

doi:1 0.1 371 /journal.pone.0098294.g001 



Thus, P-cryptoxanthin alleviated CL diet-induced 
inflammation, and fibrosis in NASH in the mice. 



steatosis, 



Comprehensive gene expression analysis using DNA 
microarrays 

Comprehensive gene expression analysis using a DNA micro- 
array showed that 2391 genes were differentially expressed in the 
livers of mice fed the standard chow, CL diet, and CL diet 
containing 0.003% P-cryptoxanthin after 12 weeks (n — 5, p<0.05 
by one-way ANOVA). Among these genes, 1589 were significantly 
up- or downregulated in the livers showing CL diet-induced 
NASH compared with the normal livers of the control mice fed the 
standard chow (Figure 3(a)). Addition of P-cryptoxanthin to the 
CL diet altered the expression levels of 507 hepatic genes, leading 
to levels closer to those of the control mice (Figure 3(b)). The bar 
charts in Figure 2 show the top 10 biological functions putatively 
altered in NASH ((a), Table SI) and suppressed the alteration by 
P-cryptoxanthin ((b), Table S2). The expression of genes associated 
with liver injury ("cell death and survival") and inflammation 
("hematological system development and function," "tissue 
morphology," "cellular movement," "immune cell trafficking 
and inflammatory responses," and "cell-to-cell signaling and 
interaction") was altered in NASH, and the alteration was 
suppressed by P-cryptoxanthin. The antioxidant P-cryptoxanthin 
suppressed the gene expression change associated with free radical 
scavenging (Figure 3(b), Table S2). P-Cryptoxanthin also sup- 
pressed the alteration of gene expression associated with choles- 
terol and other lipid metabolism (lipid metabolism, small-molecule 
biochemistry, and vitamin and mineral metabolism). The range of 
the ^-value and the numbers of genes in the functions were 
1.75xl0~ 6 -4.03xl0~ 2 and 31 genes, 1.75 x 10~ fi -4.03 x 10~ 2 
and 42 genes, and 3.72 x 10~ 5 -3.78x 10~ 2 and 22 genes, 
respectively. However, our result suggested that P-cryptoxanthin 
was more effecive in suppressing the alteration of gene expression 
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Figure 2. p-Cryptoxanthin reduced F4/80-positive hepatic 
macrophages. Liver sections of mice fed the CL diet (CL) or the CL 
diet containing 0.003% p-cryptoxanthin (CL+CX) for 12 weeks were 
stained with anti-F4/80 antibody. The F4/80-positive area was 
calculated in 30 fields of 3 slides for each individual mouse using 5 
mice for each group as described previously [15]. **p<0.01, Student's t- 
test. 

doi:10.1371/journal.pone.0098294.g002 

associated with liver injury, inflammation, and free radical 
scavenging (Figure 3, Tables SI and S2). 

Table 2 shows the detailed biological functions that are 
predicted to be activated or suppressed by CL diet-induced 
NASH or P-cryptoxanthin. Many functions associated with 
accumulation, infiltration, and activation of macrophages, T 
lymphocytes, and other immune cells were predicted to be 
activated or suppressed in NASH. "Phagocytosis" and "cytotox- 
icity" were suggested to be induced in NASH. Functions 
associated with infiltration of immune cells, such as "chemotaxis," 
"migration," "homing," and "trafficking," were predicted to be 
activated in NASH. Inhibition of "morphology of leukocytes" 
reflects induction of the expression of genes related to signaling 
and activation of leukocytes. "Quantity of neutrophils" was 
predicted to be inhibited in NASH by the induction of expression 
of genes associated with quantity and recruitment of immune cells. 
P-Cryptoxanthin was suggested to suppress functions associated 
with "cell death" and "necrosis" in NASH. It was predicted to 
suppress the increase in T lymphocytes, activation of macrophag- 
es, cytotoxicity and migration of leukocytes, and inflammatory 
responses in NASH. The morphology of leukocytes was suggested 
to be preserved by P-cryptoxanthin. Production of reactive oxygen 
species was suggested to be increased in NASH and suppressed by 
P-cryptoxanthin. 

Upstream regulator analysis indicated the activation of nuclear 
receptors related to cholesterol metabolism along with cholesterol 
and cholic acid in CL diet- induced NASH (Table 3(1)). Cytokines 
and molecules associated with immune response, inflammation, 
and proliferation were predicted to be activated in NASH. Among 
upstream regulators predicted to be inhibited in NASH, apolipo- 
protein E (Apoe), SREBF chaperone (Scap), and paraoxonase 1 
(Ponl) are associated with cholesterol metabolism (Table 3 (2)). 
Other regulators related to proliferation and homeostasis were 
predicted to be inhibited in NASH (Table 3 (2)). P-Cryptoxanthin 
is predicted to inhibit the proinflammatory cytokine TNF (TNFoc) 
and four other molecules associated with inflammation (Table 4). 

Table 5 shows the five canonical pathways that were most 
significant to the genes whose expression levels were altered by 
NASH or the genes whose expression levels were improved by P- 
cryptoxanthin. These top five canonical pathways, except for the 
"antigen presentation pathway" associated with macrophages, 
were associated with cholesterol synthesis or metabolism in the 
genes differentially expressed between control and NASH (Table 5 
(1)). Pathways associated with macrophages, natural killer cells, 
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Figure 3. Top 10 biological functions of hepatic genes significantly improved by p-cryptoxanthin in diet-induced NASH in mice. 

(a)Top 10 biological functions of hepatic genes significantly up- or downregulated in NASH (b) Top 10 biological functions of hepatic genes 
significantly improved by (3-cryptoxanthin, leading to levels closer to those of the control levels, in NASH. The functions that were most significant in 
the data set were identified by Ingenuity Pathway Analysis. 
doi:1 0.1 371 /journal.pone.0098294.g003 



and cytotoxic T cells were indicated as the most significant 
canonical pathways for genes whose expression levels were altered 
by P-cryptoxanthin, leading to levels closer to the control levels 
(Table 5 (2)). 

(3-Cryptoxanthin suppressed gene expression associated 
with inflammation induced in NASH 

In our previous study, the fibrous DNA microarray efficiently 
detected the specific gene expression associated with lipid 
metabolism and inflammation with a high sensitivity [18,20,23]. 
To understand the effect of P-cryptoxanthin on the alteration of 
specific gene expression associated with cholesterol and other lipid 
metabolism, inflammation, and fibrosis, we then synthesized DNA 
oligonucleotide probes and prepared the fibrous DNA microarray 
carrying 174 genes (Table S3). The customized DNA microarray 
analysis showed that among the 24 genes significantly up- or 
downregulated by NASH, P-cryptoxanthin significantly sup- 
pressed 15 genes related to macrophages and other lymphocytes, 
and oxidative stress (Figure 4, Figure SI and S2). Genes associated 
with MHC class II antigen presentation, Cd74, H2-Aa, H2-Abl, 
and H2-Ebl, were strongly upregulated in NASH and downreg- 
ulated by P-cryptoxanthin. P-Cryptoxanthin significantly sup- 
pressed the expression of the M2 macrophage markers Cd206 in 
NASH. It also suppressed the expression of a constituent of the T 
cell receptor, Fcerlg. The expression of the TNFoc-inducible genes 
Cyba, Fcgr2b, Ifngrl, and Vcaml was suppressed by P-cryptoxanthin 
in NASH. The expression of genes associated with cholesterol 
metabolism, including Abcal, Ancg5, and Scd, was significandy 
induced in NASH but not suppressed by P-cryptoxanthin (Figure 
SI). 



(3-Cryptoxanthin suppressed the expression of T cell 
markers in NASH 

The results of Ingenuity Pathway Analysis suggested that P- 
cryptoxanthin suppressed the increase in T lymphocytes in NASH. 
The customized DNA microarray analysis indicated that the 
expression of T cell receptor was induced in NASH and 
suppressed by P-cryptoxanthin. We accordingly evaluated the 
expression of the cell surface antigens CD3, CD4, and CDS by 
RT-PCR as markers of T cells, T helper cells, and cytotoxic T 
cells, respectively. The expression levels of CD3, CD4, and CD8 
increased in CL diet-induced NASH (Figure 5). P-Cryptoxanthin 
significandy suppressed the CL diet-induced expression of CD3, 
CD4, and CD8 in the livers (Figure 5). Both helper and cytotoxic 
T cells were increased in NASH, and the increase was suppressed 
by P-cryptoxanthin. Thus, P-cryptoxanthin suppresses not only the 
accumulation of macrophages but also that of helper and cytotoxic 
T cells. 

Discussion 

In the present study, we confirmed that the CL diet caused lipid 
accumulation mainly in the liver without affecting total body 
weight and food intake [14]. Importandy, P-cryptoxanthin 
reduced liver TG and TC levels without affecting either total 
body weight or caloric intake. This finding indicated that the effect 
of P-cryptoxanthin was not secondary to the reduction of caloric 
intake or body weight. P-Cryptoxanthin was shown to alleviate CL 
diet-induced steatosis, inflammation, and fibrosis in NASH in 
mice. 

Comprehensive gene expression analysis showed that excessive 
intake of cholesterol, cholic acid, triglycerides, and fatty acids 
altered the expression of genes associated with cholesterol and 
other lipid metabolism in the liver. Cholesterol, cholic acid, the 
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Table 2. Predicted biological functions altered by high cholesterol diets and p-cryptoxanthin a . 





Predicted biological functions altered by diet induced-NASH 


Predicted biological functions improved by p-cryptoxanthin 


Functions Annotation 


Activation State 


Functions Annotation 


Activation State 


Liver cell death 






cell death of liver cells (10 molecules) 


i 






necrosis of liver (14) 


i 


Accumulation, infiltration and activation of immune cells 


accumulation of cells (33 molecules) 


T 






cell viability of mast cells (6) 


T 






proliferation of T lymphocytes (70) 


T 
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I 

I 






lack of T lymphocytes (15) 


t 


quantity of neutrophils (30) 


| 






cytotoxicity of leukocytes (19), lymphocytes (16) 


T 


cytotoxicity of leukocytes (11), lymphocytes (9) 


1 


cytotoxicity of natural killer cells (10) 


T 






activation of cells (99), blood cells (94), macrophages (22) 


T 


activation of cells (51), blood cells (48), macrophages (12) 


1 






activation of antigen presenting cells (21), leukocytes (45) 


I 


inflammatory response (63) 


T 


inflammatory response (31) 


1 


phagocytosis (16) 


T 






phagocytosis of blood cells (19), cells (12), myeloid cells (9), 


T 






engulfment of cells (16) 


T 






engulfment of blood cells (13), myeloid cells (12), 

nnannn/tpc 1*1 1l 3n1"inf^n nrp^cp^nti nn folic (9K\ 
[jiiciyjLyLtro \\ \ }, cj 1 1 l i u trj i [JicjciKJiiy 1 13 i,o,j 


T 


engulfment of blood cells (6), myeloid cells (5), 

nh^nnr^/tpc ^ntinp^n nrp^cp^ntinn f p^ Iq 

l_M]uU4J\_yic:3 \-*Jt ell I LI y 1 I [.JltTj'CMLMiy 1 1 _> \-J ) 
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I 
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lc 1 1 milfvctiiicmii yj^+j, itrui\*_/^_yLtT3 \*-r\jj t jJiiciyuiyLtrj \3~>i 


1 

\ 






cell movement of mononuclear leukocytes (18), 
lymphocytes (16) 


1 


chemotaxis of leukocytes (45) 


T 

I 






leukocyte migration (106) 


T 


leukocyte migration (52) 


I 


migration of cells (108) 


T 


migration of cells (53) 


I 






migration of mononuclear leukocytes (15) 


1 






Lymphocyte migration (14) 


1 


homing of leukocytes (47) 


T 


homing of leukocytes (21) 


1 


recruitment of leukocytes (40), phagocytes (31), 
mononuclear leukocytes (14) 


T 






transmigration of leukocytes (19) 


T 






trafficking of leukocytes (8) 


T 






extravasation of myeloid cells (7) 


T 










cell spreading of phagocytes (6) 


I 






shape change of phagocytes (7) 


I 


morphology of cells (74), leukocytes (61), mononuclear 
leukocytes (34), leukocytes (31), T lymphocytes (18) 


1 


morphology of cells (32), leukocytes (27), mononuclear 
leukocytes (18), leukocytes (17), T lymphocytes (11) 


T 


Oxidative stress 


production of reactive oxygen species (19) 


r 


production of reactive oxygen species (13) 


I 


Lipid or carbohydrate metabolism 


concentration of phosphatidic acid (5) 


i 










quantity of carbohydrate (7) 


T 


a The functions and canonical pathways that were most significant to the data set were identified by Ingenuity Pathway Analysis. 
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Table 3. Upstream regulators predicted to be activated (a) or inhibited (b) in NASH 3 . 





Molecule Type 


Upstream Regulator 


(1) 


chemical - endogenous 


cholesterol (32 target molecules in dataset), cholic acid (14) 


ligand-dependent nuclear receptor 


Nr1h3 (16), Nr1h4 (14) 


cytokine 


Ifng (49), Ifnb1(25), Tnf (23), 1Mb (20), Csf2 (12), 115 (19), Ilia (4) 


transcription regulator 


Statl (16), Myc (19), Irf3 (6), Spil (7) 


transmembrane receptor 


Tlr4 (27) 


peptidase 


Plau (9) 


enzyme 


Cd38 (25) 


kinase 


Plk4 (8), Plk2 (8), Map3k7 (8), Tbk1 (10) 


other 


Myd88 (23), Ticaml (19), Dock8 (13), Samsn! (15), Arhgap21 (9), Sashl (12), Tnfaip2 (4) 


(2) 


transporter 


Apoe (15 target molecules in dataset), Atp7b (12) 


transcription regulator 


Hnf4A (23), Smarcbl (15) 


phosphatase 


Ponl (4) 


ligand-dependent nuclear receptor 


Nr3C1 (15) 


other 


Scap (19), Socsl (11) 



a The functions and canonical pathways that were most significant to the data set were identified by Ingenuity Pathway Analysis. 
doi:1 0.1 371 /journal.pone.0098294.t003 



liver X receptor-a (LXR-a (JVrlh3)), which is activated by excess 
cholesterol and facilitates the transport of cholesterol out of cells 
[24], and the famesoid X receptor-a (FXR-a (Nrlh4)), which is 
activated by excess cholic acid [25], were predicted to be activated 
upstream regulators. The regulators of cholesterol apolipoprotein 
E paeaoxonase 1, and SREBF chaperone were predicted to be 
inhibited upstream regulators. Most of the genes involved in 
"LXR/RXR activation" associated with cholesterol metabolism 
were upregulated and genes involved in the "superpathway of 
cholesterol biosynthesis" were downregulated in NASH. These 
results indicate that excess intake of cholesterol increased 
metabolism and suppressed synthesis. P-Cryptoxanthin partly 
suppressed the alteration of gene expression associated with 
cholesterol and other lipid metabolism. Oxidative stress is 
suggested to induce fat accumulation direcdy or indirectly through 
the exacerbation of insulin resistance [26-28]. Because (3- 
cryptoxanthin reduced increased levels of the oxidative stress 
marker TBARS in NASH, it possibly suppressed fat accumulation 
by reducing oxidative stress in the liver. 



Innate immune systems play a crucial role in NASH develop- 
ment [29]. Toll-like receptors (Tlrs), which are present on 
hepatocytes, Kupffer cells, and all other resident cells in the liver, 
are activated by saturated fatty acids or gut-derived endotoxins 
(LPS) and induced the expression of proinflammatory mediators in 
NASH. Excess fat induces hepatocyte c-jun N-terminal kinase and 
IkB kinase activation, which can induce hepatic insulin resistance, 
inflammatory cytokine expression, or cell death in the liver. The 
cytokines and chemokines further induce cell death, stimulate the 
production of reactive oxygen species, and recruit leukocytes from 
circulation [29]. Activation of Kupffer cells induces the production 
of Fas ligand and cytokines, such as TNFa, IL-ip and IL-6, 
inflammatory cell infiltrations, and subsequent liver injury and 
inflammation [29,30]. Tosello-Trampont et al. reported that an 
increase in TNFot-producing Kupffer cells was crucial for 
triggering NASH via monocyte recruitment [30] . The adipocyto- 
kines TNFa and IL-6 derived from adipose tissues are strongly 
suggested to promote insulin resistance and inflammation in the 
liver [31]. P-Cryptoxanthin suppressed the accumulation of 
Kupffer cells in the livers of mice fed the CL diet. Comprehensive 



Table 4. Upstream regulators predicted to be inhibited by p-cryptoxanthin in NASH a . 





Upstream 
Regulator 


Molecule Type 


Activation 
z-score 


p-value of 
overlap 


Target molecules in dataset 


Tnf 


cytokine 


-2.905 


2.90E-04 


Ccl4, Ccr5, Cd44, GIs, Hmoxl, Ncfl, Ncf2, Ppara, Ppargda, Rxra, 
Tnfaip3, Vcaml 


Spil 


transcription regulator 


-2.219 


3.75E-03 


Cd14, Csflr, Cybb, Emrl, Lyz1/Lyz2 


Ticaml 


other 


-2.079 


1 .26E-02 


Ccl4, Cd38, Cmpk2, Ifi204 (includes others), Pilra, Slc7a2, 
Tnfaip3, Vcaml 


Myd88 


other 


-2.157 


1.77E-02 


Ccl4, Cd14, Cd38, Cmpk2,lnpp5d, Pilra, Slc7a2, Tnfaip3, Vcaml 


Irf8 


transcription regulator 


-2.236 


1.83E-02 


Cebpa, Csflr, Cxcl16, Emrl, Msrl 



a The functions and canonical pathways that were most significant to the data set were identified by Ingenuity Pathway Analysis. 
doi:1 0.1 371 /journal.pone.0098294.t004 
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Table 5. Top 5 canonical pathways of hepatic genes that were significantly altered by NASH (1) and improved by (3-cryptoxanthin 
(2f. 





Ingenuity Canonical Pathways 


p-value 


Ratio 


(1) 


LXR/RXR Activation 


5.36E-07 


28/113 (0.248) 


LPS/IL-1 Mediated Inhibition of RXR Function 


7.50E-07 


40/193 (0.207) 


Superpathway of Cholesterol Biosynthesis 


7.81 E-07 


12/32 (0.375) 


Antigen Presentation Pathway 


1.61E-05 


11/28 (0.393) 


TR/RXR Activation 


2.14E-05 


20/79 (0.253) 


(2) 


Fey Receptor-mediated Phagocytosis in Macrophages and Monocytes 


7.54E-06 


13/92 (0.141) 


Natural Killer Cell Signaling 


3.06E-05 


12/92 (0.13) 


CTLA4 Signaling in Cytotoxic T Lymphocytes 


3.35E-05 


11/79 (0.139) 


TR/RXR Activation 


3.79E-05 


11/79 (0.139) 


Production of Nitric Oxide and Reactive Oxygen Species in Macrophages 


7.97E-05 


16/166 (0.096) 



a The functions and canonical pathways that were most significant to the data set were identified by Ingenuity Pathway Analysis. 
doi:1 0.1 371 /joumal.pone.0098294.t005 



gene expression analysis suggested that whereas Tlr4, cytokines 
including TNFoc, and some molecules regulated by LPS and/or 
TNFot were activated upstream regulators in NASH, TNFoc and 
four other molecules regulated by LPS and/or TNFa were 
inhibited by (3-cryptoxanthin. Moreover, P-Cryptoxanthin was 
suggested to reduce the quantity of T cells, activation of 
macrophages, and infiltration of leukocytes. Pathways associated 
with macrophages, monocytes, natural killer (NK) cells, and 
cytotoxic T cells were the most significant canonical pathways 
improved by (3-cryptoxanthin. Thus, in addition to suppressing the 
accumulation of Kupffer cells, P-cryptoxanthin was suggested to 
suppress the signaling of TNFa and LPS, and activation and 
infiltration of macrophages, T cells, and NK cells. Oxidative stress 



is well recognized as a second hit to promote inflammation from 
steatosis. P-Cryptoxanthin probably suppresses both lipid accu- 
mulation and peroxidation as a potent antioxidant, thereby 
attenuating lipotoxicity-induced inflammation in NASH. 

Comprehensive gene expression analysis suggested that antigen 
presentation and the following T cell activation were induced in 
NASH. Gene expression analysis using the customized fibrous 
DNA microarray confirmed that MHC-II antigens expressed on 
macrophages and other dendritic cells were strongly induced in 
NASH and significandy suppressed by P-cryptoxanthin to control 
levels. P-Cryptoxanthin suppressed the expression of the T cell 
receptor, which recognizes antigens bound to MHC-II molecules 
in NASH. CD4-positive T helper cells bind to MHC-II-positive 
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Figure 4. Hepatic gene expression levels significantly suppressed by p-cryptoxanthin in NASH. C57BL/6J mice were fed a standard chow 
(NC), a CL diet (CL), or a CL diet containing 0.003% (3-cryptoxanthin (CL+CX) for 12 weeks. Hepatic gene expression was determined using a DNA 
microarray (Genopal, Mitsubishi Rayon). The degree of change (fold) was calculated compared with the livers of the control mice (NC). Data are 
expressed as the arithmetic mean ± SEM of 5 mice in each group. Different superscripts indicate significant differences (p<0.05) between the 
groups. 

doi:1 0.1 371 /journal.pone.0098294.g004 



PLOS ONE | www.plosone.org 



8 



May 2014 | Volume 9 | Issue 5 | e98294 



P-Cryptoxanthin Suppresses Inflammation 



3 

2 - 



CD3 



> 1 



a 



NC CL CL+CX 



2. 2 



CD 

a: 



NC 



CD4 







> 


a 




I 


n 







i 



CL CL+CX 



< 10 

EE 



0 5 
> 

cd n 



CD8 



NC 



IL 



CL CL+CX 



Figure 5. p-Cryptoxanthin reduced T cell accumulation. C57BL/6J mice were fed a standard chow (NC), a CL diet (CL), or a CL diet containing 
0.003% p-cryptoxanthin (CL+CX) for 12 weeks. Hepatic expression levels of the T cell markers CD3, CD4, and CD8 were determined by quantitative RT- 
PCR analysis. Data are expressed as the arithmetic mean ± SEM (n = 4 (NC) or n = 5 (CL and CL+CX)). Different superscripts indicate significant 
differences (p<0.05) between the groups. 
doi:1 0.1 371 /journal.pone.0098294.g005 



cells, and CD8-positive cytotoxic T cells bind to MHC-I-positive 
cells. RT-PCR analysis showed that the expression of both T cell 
markers CD4 and CD8 was induced in NASH and reduced by P- 
cryptoxanthin. We also found that P-cryptoxanthin suppressed the 
CL diet-induced expression of the marker of M2 macrophages 
using the customized fibrous DNA microarray but not the 
comprehensive DNA microarray. Although M2 Kupffer cells 
were suggested to protect NAFLD by inducing Ml Kupffer cell 
apoptosis [32], P-cryptoxanthin suppressed the increase in both 
classical Ml and alternative M2 macrophages. P-Cryptoxanthin 
suppressed TNFa-inducible gene expression increased in NASH. 
The TNFa-inducible genes Ifngrl, and Vcaml have been reported 
to increase fibrosis in the liver [33-35]. Among genes whose 
expression levels were significantly reduced by P-cryptoxanthin in 
NASH, Cd48 was reported to be upregulated in the livers of 
patients with NASH [36]. 

Mitochondrial free cholesterol accumulation was reported to 
sensitize hepatocytes to TNFoc and Fas by inducing mitochondrial 
glutathione depletion [37]. The high-fat component of the CL diet 
was shown to accelerate oxidative stress induced by a high- 
cholesterol diet in the livers of CL57BL/6J mice [14]. Fat 
accumulation causes hepatocellular injury probably by increasing 
lipid peroxidation and metabolites of fatty acids [38] . Our results 
suggested that consumption of P-cryptoxanthin improved gene 
expression associated with "cell death and survival" and "free 
radical scavenging," in particular, suppressing hepatic cell death 
and reducing the production of reactive oxygen species induced by 
the CL diet. P-Cryptoxanthin is likely to suppress oxidative stress 
and liver injury by scavenging reactive oxygen species and/or 
reducing their production. We previously reported that P- 
cryptoxanthin was highly accumulated in the liver of rats fed a 
diet containing the Satsuma mandarin extract for 8 weeks [39] . P- 
Cryptoxanthin probably accumulated in the liver and direcdy 
reduced the increased level of the oxidative stress marker TBARS 
in NASH. 

This study includes the results of one-way ANOVA with 
unequal small sample sizes (ni = 4, n 2 = 5, and n 3 = 5; Table 1 and 
Fig. 5). ANOVA is a parametric test under preconditions such as 
normality and homogeneity of variance, however, it is robust 
against the preconditions as long as all sample sizes are equal or 
nearly equal [40]. Nevertheless, we performed Welch's ANOVA 
followed by Tukey's post hoc test. Welch's ANOVA performs 
rather well when population variances are unequal [40]. 
Furthermore, we confirmed that significant differences (p<0.05) 
between treatments (Table 1 and Fig. 5) determined by Welch's 
ANOVA followed by Tukey's post hoc test were identical to those 
determined by the bootstrap and permutation-based multiple 
comparisons using the MULTTEST procedure (SAS Institute 



Japan Ltd., Tokyo), specifically designed for handling non-normal 
data [41]. The resource equation method for sample size 
determination is useful for small and complex biological experi- 
ments that involve several treatment groups for which the results 
are to be analyzed using ANOVA [42] . The experiment should be 
of an appropriate size if the error degrees of freedom (DF) in an 
ANOVA are somewhere between 10 and 20 [42]. In Table 1 and 
Fig. 5, DF = 1 1 for the error term in one-way ANOVA. Thus we 
confirmed the reliability of the results of statistical analysis in 
Table 1 and Fig. 5. 

Conclusions 

Intake of the dietary xanthophyll P-cryptoxanthin reduced 
NASH development induced by a CL diet in mice. Gene 
expression analysis showed that although P-cryptoxanthin histo- 
chemically reduced steatosis, it was more effective in inhibiting 
inflammatory gene expression change in NASH. In fact, P- 
Cryptoxanthin reduced the induction of markers of macrophages, 
T helper cells, and cytotoxic T cells. The expression of LPS- 
inducible and/or TNFa-inducible genes was suppressed by P- 
cryptoxanthin, probably via the inhibition of macrophage 
activation. Thus, P-cryptoxanthin suppresses inflammation and 
subsequent fibrosis primarily by suppressing the increase and 
activation of macrophages and other immune cells. Reduction of 
oxidative stress is likely to be a major mechanism of suppression of 
inflammation and injury in the livers of mice with NASH. Our 
results provide an important clue to elucidate the molecular 
mechanism of alleviation effect of P-cryptoxanthin on CL diet- 
induced NASH. 

Supporting Information 

Figure SI Hepatic gene expressions significantly al- 
tered in NASH. C57BL/ 6J mice were fed a standard chow (NC), 
a CL diet (CL), or a CL diet containing 0.003% P-cryptoxanthin 
(CL+CX) for 12 weeks. Hepatic gene expression was determined 
using a DNA microarray (Genopal, Mitsubishi Rayon). The 
degree of change (fold) was calculated compared with the livers of 
the control mice (NC). Data are expressed as the arithmetic mean 
± SEM of 5 mice in each group. Different superscripts indicate 
significant differences (p<0.05) between the three groups. 
(TIF) 

Figure S2 Hepatic gene expressions did not significant- 
ly alter in NASH. C57BL/6J mice were fed a standard chow 
(NC), a CL diet (CL), or a CL diet containing 0.003% P- 
cryptoxanthin (CL+CX) for 12 weeks. Hepatic gene expression 
was determined using a DNA microarray (Genopal, Mitsubishi 
Rayon). The degree of change (fold) was calculated compared with 
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the livers of the control mice (NC). Data are expressed as the 

arithmetic mean ± SEM of 5 mice in each group. 

(TIF) 

Table SI Top 10 Biological functions of hepatic genes 
that were significantly up- or down regulated in diet- 
induced nonalcoholic steatohepatitis in mice. The func- 
tions and canonical pathways that were most significant to the data 
set were identified by Ingenuity Pathway Analysis (Ingenuity 
Systems). 
(PDF) 

Table S2 Top 10 Biological functions of hepatic genes 
that were significantly improved by P-cryptoxanthin in 
mice. The functions and canonical pathways that were most 

References 

1. Farrell GG, Lartcr CZ (2006) Nonalcoholic fatty liver disease: from steatosis to 
cirrhosis. Hepatology 43: S99-S1 12. 

2. Basaranoglu M, Basaranoglu G, Senturk H (2013) From fatty liver to fibrosis: a 
tale of "second hit". World J Gastroenterol 19: 1158—1165. 

3. Sanyal AJ, Ghalasani N, Kowdley KV, McCullough A, Diehl AM, et al. (2010) 
Pioglitazone, vitamin E, or placebo for nonalcoholic steatohepatitis. N Engl J Med 
362: 1675-1685. 

4. Lorenzo Y, Azqueta A, Luna L, Bonilla F, Dominguez G, et al. (2009) The 
carotenoid beta-cryptoxanthin stimulates the repair of DNA oxidation damage 
in addition to acting as an antioxidant in human cells. Carcinogenesis 30: 308— 
314. 

5. Unno K, Sugiura M, Ogawa K, Takabayashi F, Toda M, et al. (2011) Beta- 
cryptoxanthin, plentiful in Japanese mandarin orange, prevents age-related 
cognitive dysfunction and oxidative damage in senescence-accelerated mouse 
brain. Biol Pharm Bull 34: 311-317. 

6. Haegele AD, Gillette C, O'Neill C, Wolfe P, Heimendinger J, et al. (2000) 
Plasma xanthophyll carotenoids correlate inversely with indices of oxidative 
DNA damage and lipid peroxidation. Ganccr Epidemiol Biomarkers Prev 9: 
421-425. 

7. van Kappel AL, Stcghens JP, Zclcniuch-Jacquottc A, Ghajes V, Toniolo P, et al. 
(2001) Serum carotenoids as biomarkers of fruit and vegetable consumption in 
the New York Women's Health Study. Public Health Nutr 4: 829-835. 

8. Tucker KL, Chen H, Vogel S, Wilson PW, Schaefer EJ, et al. (1999) Carotenoid 
intakes, assessed by dietary questionnaire, are associated with plasma carotenoid 
concentrations in an elderly population. J Nutr 129: 438-445. 

9. Sugiura M, Matsumoto H, Kato M, Ikoma Y, Yano M, ct al. (2004) Multiple 
linear regression analysis of the seasonal changes in the serum concentration of 
beta-cryptoxanthin. J Nutr Sci Vitaminol (Tokyo) 50: 196-202. 

10. Sugiura M, Kato M, Matsumoto H, Nagao A, Yano M (2002) Scrum 
concentration of beta-cryptoxanthin in Japan reflects the frequency of Satsuma 
mandarin (Citrus unshiu Marc.) consumption. Journal of Health Science 48: 
350-353. 

11. Sugiura M, Nakamura M, Ikoma Y, Yano M, Ogawa K, et al. (2006) The 
homeostasis model assessment-insulin resistance index is inversely associated 
with serum carotenoids in non-diabetic subjects. J Epidemiol 16: 71-78. 

12. Sugiura M, Nakamura M, Ikoma Y, Yano M, Ogawa K, et al. (2005) High 
serum carotenoids are inversely associated with serum gamma-glutamyltransfcr- 
ase in alcohol drinkers within normal liver function. J Epidemiol 15: 180-186. 

13. Ogawa K, Ozaki Y, Sugiura M (2013) Refining of p-cryptoxanthin from the 
extract of Satsuma mandarin by-products using component solvent solubility 
differences. Nippon Shokuhin Kagaku Kogaku Kaishi 60: 498-508. 

14. Matsuzawa N, Takamura T, Kurita S, Misu H, Ota T, et al. (2007) Lipid- 
induccd oxidative stress causes steatohepatitis in mice fed an atherogenic diet. 
Hepatology 46: 1392-1403. 

15. Kitadc H, Sawamoto K, Nagashimada M, Inoue H, Yamamoto Y, et al. (2012) 
CCR5 plays a critical role in obesity-induced adipose tissue inflammation and 
insulin resistance by regulating both macrophage recruitment and M1/M2 
status. Diabetes 61: 1680-1690. 

16. Folch J, Lees M, Sloane Stanley GH (1957) A simple method for the isolation 
and purification of total lipides from animal tissues. J Biol Chem 226: 497-509. 

17. Edgar R, Domrachcv M, Lash AE (2002) Gene Expression Omnibus: NCBI 
gene expression and hybridization array data repository. Nucleic Acids Res 30: 
207-210. 

18. Kobori M, Nakayama H, Fukushima K, Ohnishi-Kameyama M, Ono H, et al. 
(2008) Bitter gourd suppresses lipopolysaccharide-induced inflammatory re- 
sponses. J Agric Food Chem 56: 4004-4011. 

19. Oike H, Nagai K, Fukushima T, Ishida N, Kobori M (201 1) Feeding cues and 
injected nutrients induce acute expression of multiple clock genes in the mouse 
liver. PLoS One 6: c23709. 

20. Nagai K, Takahashi Y, Mikami I, Fukusima T, Oikc H, et al. (2009) The 
hydroxyflavonc, fisetin, suppresses mast cell activation induced by interaction 
with activated T cell membranes. Br J Pharmacol 158: 907-919. 



significant to the data set were identified by Ingenuity Pathway 

Analysis (Ingenuity Systems). 

(PDF) 

Table S3 DNA oligonucleotide probes for customized 
fibrous DNA microarray. 

(XLS) 

Author Contributions 

Conceived and designed the experiments: TO MK MS SK. Performed the 
experiments: YN MK YT NW KO MN. Analyzed the data: SN MK TO. 
Contributed re agents /materials /analysis tools: MK KO TO. Wrote the 
paper: MK TO KO. 



21. Zhang C, Wang G, Zheng Z, Maddipati KR, Zhang X, et al. (2012) 
Endoplasmic reticulum-tethered transcription factor cAMP responsive element- 
binding protein, hepatocyte specific, regulates hepatic lipogencsis, fatty acid 
oxidation, and lipolysis upon metabolic stress in mice. Hepatology 55: 1070- 
1082. 

22. Ota T, Takamura T, Kurita S, Matsuzawa N, Kita Y, ct al. (2007) Insulin 
resistance accelerates a dietary rat model of nonalcoholic steatohepatitis. 
Gastroenterology 132: 282-293. 

23. Niwa M, Nagai K, Oike H, Kobori M (2009) Evaluation of the skin irritation 
using a DNA microarray on a reconstructed human epidermal model. Biol 
Pharm Bull 32: 203-208. 

24. Ignatova ID, AngdiscnJ, Moran E, Schulman IG (2013) Differential regulation 
of gene expression by LXRs in response to macrophage cholesterol loading. Mol 
Endocrinol 27: 1036-1047. 

25. Watanabe M, Houten SM, Mataki C, Christoffoletc MA, Kim BW, et al. (2006) 
Bile acids induce energy expenditure by promoting intracellular thyroid 
hormone activation. Nature 439: 484-489. 

26. Dandona P, Aljada A, Chaudhuri A, Mohanty P, Garg R (2005) Metabolic 
syndrome: a comprehensive perspective based on interactions between obesity, 
diabetes, and inflammation. Circulation 111: 1448-1454. 

27. Kumashiro N, Tamura Y, Uchida T, Ogihara T, Fujitani Y, et al. (2008) Impact 
of oxidative stress and peroxisome proliferator-activated receptor gamma 
coactivator- 1 alpha in hepatic insulin resistance. Diabetes 57: 2083—2091. 

28. Sekiya M, Hiraishi A, Touyama M, Sakamoto K (2008) Oxidative stress induced 
lipid accumulation via SREBPlc activation in HcpG2 cells. Biochem Biophys 
Res Commun 375: 602-607. 

29. Mahcr Jj, Leon P, RyanJG (2008) Beyond insulin resistance: Innate immunity in 
nonalcoholic steatohepatitis. Hepatology 48: 670-678. 

30. Toscllo-Trampont AC, Landes SG, Nguyen V, Novobrantseva TI, Hahn YS 
(2012) Kuppfer cells trigger nonalcoholic steatohepatitis development in diet- 
induced mouse model through tumor necrosis factor-alpha production. J Biol 
Chem 287: 40161-40172. 

31. Tilg H, Moschcn AR (2010) Evolution of inflammation in nonalcoholic fatty 
liver disease: the multiple parallel hits hypothesis. Hepatology 52: 1836-1846. 

32. Wan J, Benkdane M, Teixeira-Clerc F, Bonnafous S, Louvet A, ct al. (2013) M2 
Kupffcr cells promote Ml Kupffer cell apoptosis: A protective mechanism 
against alcoholic and non-alcoholic fatty liver disease. Hepatology. 

33. Seki E, De Mimcis S, Gwak GY, Kluwe J, Inokuchi S, et al. (2009) CCR1 and 
CCR5 promote hepatic fibrosis in mice. J Clin Invest 119: 1858-1870. 

34. Labenski H, Hedtfeld S, Becker T, Tummlcr B, Stankc F (2011) Initial 
interrogation, confirmation and fine mapping of modifying genes: STAT3, IL1B 
and IFNGR1 determine cystic fibrosis disease manifestation. Eur J Hum Genet 
19: 1281-1288. 

35. Erkan M, Weis N, Pan Z, Schwager C, Samkharadzc T, et al. (2010) Organ-, 
inflammation- and cancer specific transcriptional fingerprints of pancreatic and 
hepatic stellate cells. Mol Cancer 9: 88. 

36. Bertola A, Bonnafous S, Anty R, Patouraux S, Saint-Paul MC, et al. (2010) 
Hepatic expression patterns of inflammatory and immune response genes 
associated with obesity and NASH in morbidly obese patients. PLoS One 5: 
cl.3577. 

37. Mari M, Caballero F, Colcll A, Morales A, Caballeria J, et al. (2006) 
Mitochondrial free cholesterol loading sensitizes to TNF- and Fas-mediated 
steatohepatitis. Cell Metab 4: 185-198. 

38. Ncuschwandcr-Tctri BA (2010) Hepatic lipotoxicity and the pathogenesis of 
nonalcoholic steatohepatitis: the central role of nontriglyccride fatty acid 
metabolites. Hepatology 52: 774-788. 

39. Sugiura M, Ogawa K, Yano M (2013) Absorption, storage and distribution of 
beta-cryptoxanthin in rat after chronic administration of Satsuma mandarin 
(Citrus unshiu MARC.) juice. Biol Pharm Bull 36: 147-151. 

40. Zar JH (1999) Underlying assumptions, biostatistical analysis 4th cd. Upper 
Saddle River, NJ: Prentice Hall. pp. 185-187. 



PLOS ONE | www.plosone.org 



10 



May 2014 | Volume 9 | Issue 5 | e98294 



P-Cryptoxanthin Suppresses Inflammation 



41. Westfall PH, Tobias RD, Woliingcr RD (2011) Bootstrap and permutation- 
based multiple comparisons in univariate and multivariate models using PROC 
MULTTEST. Multiple comparisons and multiple tests using SAS 2nd cd Cary, 
NC: SAS Institute Inc. pp. 406. 



42. Festing MFW (2006) Design and statistical methods in studies using animal 
models of development. liar Journal 47: 5—14. 



PLOS ONE | www.plosone.org 



11 



May 2014 | Volume 9 | Issue 5 | e98294 



